52 e.u.) suggest a cyclic transition state in which N-C α and H-C β bonds are formed concurrently.
Introduction
Nucleophilic additions of amines to activated olefins in acetonitrile (eq. 1) are found to proceed in a single step to neutral products.
1 This is in striking contrast to the mechanism of addition in aqueous solution through zwitterionic intermediate 2 (eq. 2). In most cases in aqueous solution the acid-base equilibria,
, is rapidly established subsequently and hence nucleophilic addition, k a , is rate limiting. 2 In this mechanism, the development of resonance into the activating (electronacceptor) group (Z,Z') lags behind charge transfer or bond formation and hence the transition state (TS) becomes imbalanced.
2 Thus the ease of the initial attack by amines on C α and hence the polar electron-withdrawing effect of Z,Z', is the rate determining factor for the reaction in aqueous solution. This means that the greater the electronwithdrawing power (Σσ) of the activating group (Z,Z'), the faster becomes the rate. In contrast the rate in acetonitrile (eq. 1) increases with the sum of exalted substituent constants Σσ p − , since the addition step, k 2 , involves π-orbitals through an sp 2 carbon center, C α .
In the present work, we aim to further investigate the mechanistic difference of the amine addition to olefins between in water and in acetonitrile by conducting kinetic studies of benzylamine (BA) additions to ethyl-α-cyanocinnamates (ECC) in acetonitrile at 30.0 o C, eq. . 3. We have determined various selectivity parameters including crossinteraction constant ρ XY , 3 eqs. 4 where X and Y are the substituents in the nucleophile (X) and substrate (Y), respectively.
Results and Discussion
The reactions studied in this work (eq. 3) obeyed a simple rate law given by eqs. 5 and 6 where k 2 is the rate constant for the benzylamine (BA) addition to the ethyl-α-cyanocinnamates (ECC 26.9 ± 1.0 kcal mol −1 with ∆S ≠ = ..
-6.0 ± 3.1 e.u. In the present work, such ester aminolysis mechanism may also be a possibility, but in our product analysis we found no ester aminolysis product. The leaving group in the present case is EtO group which is a very poor nucleofuge and the reaction medium is also an aprotic one (MeCN) so that such possibility can be safely ruled out.
Ialani et al. 6 have reported on the kinetic studies of the BA additions to ECC in acetonitrile using various BAs. Their data disagree with our corresponding results. One reason may be that they plotted log [ECC] vs. time instead of ln [ECC] vs. time, and they have not reported how well the reaction temperature was controlled. Otherwise, we are not sure why there are such disagreements.
In general, rates of amine additions to activated olefins are much faster in water (ca. > 10 2 fold) than those for the corresponding reaction in acetonitrile.
1 Although the ratelimiting steps in both media are believed to be the initial nucleophilic addition, k a in water (eq. 2) and k 2 in acetonitrile (eq..1), effects of the activating (electron-withdrawing) groups (Z,Z') on the rate are found to be different: In water the stabilization of the imbalanced transition state (delocalization of which into the activating groups (Z,Z') lags behind the C α -N bond formation) is important so that the rate (intrinsic rate) increases with the sum of electron accepting power of the activating groups, Σσ p .
1 In acetonitrile, however, the rate was found to increase with the sum of electron-accepting ability of Z,Z' through π-orbitals i.e., the sum of through conjugative electron-accepting power,
1 This is of course a manifestation of the mechanistic difference in the two media, i.e., the amine addition reaction in water proceeds through an intermediate (eq. 2), whereas that in acetonitrile proceeds by a single step addition (eq. 1). The rates of amine additions to various activated olefins in water and in acetonitrile are compared in Table 2 . The available rate data in aqueous solution show general parallelism between the intrinsic rate (log k 0 ) 2b,7 and the sum of the normal substituent constants (Σσ p ). For ECC the data in aqueous solution are not available, but we can predict that the log -k 0 values will fall in between benzylidenemalononitrile (BMN) and benzylidene-1,3-indandione (BID). In acetonitrile, however, only the through conjugative electron shift, Σσp − or .Σ R − , i.e., the electron shift through π- ) is not fully additive. This could be the reason why the rate for ECC is slower than that for NS.
The cross-interaction constants, ρ XY in eqs. 4, are all negative for the four series in Table 2 . This shows that the cross-interaction constants, ρ XY, in the bond formation process is negative. 1a This is consistent with somewhat lower degree of N-C α bond formation in the TS for ECC than those for the BA addition to other activated olefins listed in Table  2 . 3 The kinetic isotope effects, k H /k D (Table 3) , involving deuterated benzylamine nucleophiles 12 (XC 6 H 4 CH 2 ND 2 ) are greater than one, k H /k D. = . 2.5-2.8, suggesting a possibility of hydrogen-bond formation (1 and/or 2) as have been proposed for the BA additions in acetonitrile to other activated olefins listed in Table 2 . The hydrogen bonding of the N-H proton toward one of the oxygen atoms in the COOEt group, 2, (mostly toward the ester oxygen, since the trans C=C/ C=O form is more stable) is also a possibility, albeit such hydrogen-bonding may involve a too long H-bond as the lone pair on N (n N ) of BA approaches to the C α =C β π-bond almost vertically from above (or below) the molecular plane of ECC.
The k H /k D (>1.0) values increase with an electron acceptor Y and an electron donor X, which is in line with the C α -N bond formation in the TS with a greater degree of bond making by a stronger electron-donor X, δσ X < 0 (with a larger positive Y, δρ Y > 0) and by a stronger electronaccepter Y, δσ Y > 0 (with a larger negative X, δρ X < 0) leading to a negative cross-interaction constant ρ XY , eq. 4b. The activation parameters, ∆H ≠ and ∆S ≠ (Table 4) , are quite similar to those for the corresponding reaction of other activated olefins in Table 2 in acetonitrile with low ∆H ≠ and large negative ∆S ≠ values. These are consistent with the concurrent N-C α and H-C β bond formation in the TS, 1.
Since exclusion repulsion energy in the N-C α bond making is partially offset by the bond energy of the partial bond formed, and also by the H-C β bond formation, barrier to bond formation in the rate determining step should be low with little variation depending on X and/or Y. This is because the higher barrier for a weaker nucleophile (δσ X > 0) is partially offset by a stronger acidity of the N-H proton in the H-bond formation. The large negative entropy of activation is in line with fourcentered constrained TS structure, 1.
Experimental Section
Materials. Merck GR acetonitrile was used after three distillations. The benzylamine nucleophiles, Aldrich GR, were used after recrystallization. Ethyl cyanoacetate and benz- aldehydes were Aldrich reagent.
Preparartions of Ethyl-α α-Cyanocinnamates. The ethyl-α-cyanocinnamates were prepared by the literature method of Zabicky. 13 A 0.1 M ethanolic solution of both benzaldehyde and ethyl cyanoacetate with few drops of piperidine was refluxed for 4-6 hours. The solvent was quickly evaporated, and the residue cooled, filtered off, and purified by repeated recrystallizations from ethanol (yield > 85%). 
